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Minute electronic (bio)devices will likely play an increasingly important role in everyday life and beyond, as overall device size often limits device functionality and applicability, a factor especially critical for brain implants. Recent progress in micro-and nanoelectronics has enabled the production of nanoscale electronic components; however, overall device size is often defined by technical and technological limitations, in particular, the ability to combine heterogeneous components made using incompatible processes on different substrates. Here, the authors suggest and evaluate a concept and approach aimed at the direct three-dimensional assembly of individual nanoscale-based components into complex devices for brain implants. They demonstrate this assembly possibility via the transfer of free-standing GaP nanowires, as well as test devices made of gold film which exhibit good quality electrical contacts. The key features essential for such a functional assembly process are discussed. The authors expect this approach to be generic and to enable the development of complex minute electronic (bio)devices based on nanoscale components. The proposed type of assembly may be especially beneficial for devices with strict size constraints, such as implantable neural interfaces. V C 2015 American Vacuum Society.
[http://dx.doi.org/10.1116/1.4931952]
I. INTRODUCTION
The miniaturization of electronic devices is a long-lasting trend, the effects of which can be seen widely in everyday life. Indeed, the realization of minute electronic devices composed of nanoscale electronic components may bring this miniaturization trend to a new level, 1 providing new opportunities in different areas such as biomedicine, 2-6 environmental sensing, 7 electronics 8 and aerospace applications, 9,10 and potentially enabling the development of devices and structures currently unattainable with present technologies. Extreme size downscaling is especially critical for implantable biomedical devices 6, 11 such as brain implants, 12, 13 for which an inappropriate size may lead to a complete degradation of device functionality due to biological tissue damage, with nanostructures potentially providing a number of important advantages. 14 Recent progress in nanotechnology has enabled the fabrication of a range of very complicated and highly efficient nanoscale devices. For example, all the individual components required for the construction of self-contained neuronal probes powered by biofuel cells (Fig. 1) have already been developed, and some have even been tested on living organisms (in vivo). [15] [16] [17] [18] However, the integration of heterogeneous (dissimilar) nanoscale components, which is required for self-contained probes, remains a challenge. So far such integration has been demonstrated only for micrometer-scale components, 12, [19] [20] [21] [22] [23] [24] [25] and it has been shown that heterogeneous integration can be done in a very efficient way by parallel and unsupervised self-assembly. [26] [27] [28] [29] Micro-and nanoscale components are typically fabricated on rather thick (down to 25 lm, typically 200-300 lm thick) and large (down to 25 lm, typically 5-15 mm lateral dimensions) dies due to practical limitations regarding die a) Present address: International Iberian Nanotechnology Laboratory, Av.
Mestre Jose Varga, 4715-330 Braga, Portugal; electronic mail: Lars.Montelius@ftf.lth.se handling. 26, 30 It is currently unclear as to how such devices can be (1) isolated from the bulk substrate on which they are fabricated, (2) combined with heterogeneous (incompatible from a technological process point of view) micro-and nanoscale structures/functional elements, and (3) assembled in three dimensions (3D). These problems limit overall device size and the advantages which nanostructures can offer, in particular, to brain implants. Thus, the main objective of the present work was to study the controlled 3D assembly of individual heterogeneous nanostructure-based components.
Here, we suggest and test a concept and approach aimed at the direct 3D assembly of individual heterogeneous nanostructure-based components into complex devices dedicated for brain implants. A schematic of this concept for the fabrication of complex (bio)devices is presented in Fig. 1 . We demonstrate that one way to achieve both isolation from the original substrate and the 3D integration of heterogeneous micro-and nanoscale structures is to design and form special blocks enabling the optimal protection, handling and performance of each component. We prove the feasibility of this type of assembly by transferring blocks containing freestanding GaP nanowires (NWs) grown by epitaxy on high quality crystalline substrate to another substrate, using a dual, electron and ion, beam system [focused gallium ion beam (FIB) and scanning electron microscope (SEM)] equipped with a gas injection system (GIS) and a micromanipulator. We do this by encapsulating the NWs in a block suitable for damage-free NW transfer. We also evaluate contact resistance for test devices made of gold (Au) film and show that the contact resistance to components assembled via the proposed approach is suitable for device applications.
II. EXPERIMENT
Our work was driven by the practical implementation of brain implants based on free-standing NWs for in vivo applications. This determined the design of our experiments, for which we chose free-standing GaP NWs of the same type as were previously used in neural interfaces. 17, 31, 32 The suggested approach, which we describe herein, includes the following steps: (1) The experiments were performed using an FIB-SEM (xT Nova NanoLab 600, FEI Company) equipped with a FIB system, SEM, a manipulator (OmniProbe 100.7, Oxford Instruments) with a tungsten (W)-needle probe, and a GIS for beam assisted deposition of W. This tool was used to deposit protection structures, cut out, separate, transfer, and fix blocks with free-standing NWs and the test devices. Beamassisted deposition of W was carried out via FIB-induced chemical vapor deposition (W-FIB-CVD) from W(CO) 6 precursor gas. 33 
A. Transfer of free-standing nanowires
Vertical free-standing GaP NWs were epitaxially grown on the (111)B GaP surface of 300 lm thick GaP substrates using metalorganic vapor phase epitaxy (MOVPE, AIX200/ 4, Aixtron AG) from Au aerosol catalytic particles. 34, 35 Attempts at the direct transfer of free-standing NWs lead to the destruction of the NWs by the ion beam and the material redeposition during FIB milling. To overcome this problem, we chose to construct special blocks with which to encapsulate and protect the NWs, thereby enabling their direct manipulation and transfer.
For the formation of these special blocks, we used a $1 lm thick shield cut from Au film via FIB milling [ Fig.  2(a) ]. The Au film itself was prepared by the thermal evaporation of Au (custom-built thermal evaporator, base pressure <10 À6 mbar) on a substrate covered with polymethylmethacrylate (PMMA A5 950 k, spun at 5000 rpm for 30 s and subsequently baked for 15 min on a hot plate at 160 C) and then treated in acetone (60 C) for 30 min, rinsed in isopropanol and blow dried with nitrogen stream. This process produced a 1 lm thick Au film which sat loosely on the substrate, thereby facilitating the lifting of the FIB-cut Au film pieces.
The shield was also designed to include a special bridge for micromanipulator attachment. After the W-needle of the manipulator was soldered to this bridge via W-FIB-CVD, the shield was moved on top of the NWs [ Fig. 2(a) ], attached to the substrate and the NWs were sealed by W-FIB-CVD. The bridge, to which the manipulator was connected, was then cut free [ Fig. 2(b) ]. Following this a block with sealed NWs was cut from the substrate [ Fig. 2(c)] , forming a special block for further manipulations. The micromanipulator was attached to this block, which was then released from the substrate via FIB milling [ Fig. 2(d) ], transferred to a new locus with the micromanipulator, and attached there using W-FIB-CVD [ Fig. 2(e) ]. After cutting one side of the block and removing the Au-shield via FIB and the micromanipulator, the free-standing NWs were revealed and examined under SEM [ Fig. 2(f) ].
B. Characterization of test device electrical contacts
In order to evaluate electrical contacts which may be established to components assembled using the presented method, we also developed test devices made of Au film.
Gold test devices were cut from $1 lm thick Au film loosely sitting on substrate. Details of this Au film formation are outlined above in Sec. II A. Figure 3(a) shows a test device cut out of and separated from the Au film. These test devices also contained a special bridge with which to attach a micromanipulator via W-FIB-CVD, as well as a rectangular hole made using FIB milling. This hole enabled four point resistance measurements to be made for electrical contacts to the test devices.
The test devices were transferred with the micromanipulator and attached via W-FIB-CVD to a new locus equipped with a set of metal electrodes for the four point contact resistance measurements [ Fig. 3(b) ]. 36 The sets of four Au electrodes for these measurements were constructed on a bulk piece of GaP substrate (15 Â 15 mm 2 , 300 lm thick) covered with 50 nm of hafnium oxide (HfO 2 ). The oxide layer was grown using the atomic layer deposition technique in a Savannah-100 system from Cambridge NanoTech in order to isolate the Au electrodes from the GaP substrate. The Au electrodes were composed of 15 nm titanium (Ti) and 75 nm Au film deposited on top of the HfO 2 layer via magnetron sputtering (Orion 5, AJA International). Electrode shape was defined using ultraviolet lithography (300 s exposure, Mask aligner MJB 4 DUV, Karl S€ uss MicroTec AG) on a 2.7 lm thick layer of positive photosensitive Microposit S-1818 polymer (Shipley Company) spincoated and soft baked on a hot plate at 115 C for 90 s. The resist development was done for 90 s in Microposit MF 319 (Shipley Company) developer. Then, the excess metal was etched through the polymer mask with Au etch (10 g KI, 2.5 g I 2 , 100 ml H 2 O, 30 s) and Ti etch (5% v/v HF water solution, 10 s), followed by resist removal with Microposit Remover 1165 at 80 C for 15 min. Samples were cleaned in ozone for 2 h in order to ensure that the electrode surface was free of organic contamination.
The test devices were positioned over and mechanically pressed toward the electrodes, before being attached to the substrate via W-FIB-CVD. After being disconnected from the test devices using FIB milling, the micromanipulator W-needle was employed to press different parts of the test device toward the substrate over different electrodes, in order to enable the formation of good mechanical contacts with the electrodes. These mechanical contacts were maintained using W-FIB-CVD. Finally, two FIB cuts were made in order to divide the test device into two separate pieces for the four point probe contact resistance measurements. Figure  3 depicts the contact area for which the resistance was measured (the circular area), as well as the current flow (black arrow) and voltage probes (white arrows).
The contact resistance measured via the four point probe technique across a $30 lm 2 contact area was found to equal <0.1 X, which corresponds to a specific contact resistance of <10 À8 XÁcm 2 . For comparison, NW-based electrodes employed to make recordings in the brain have $1 MX impedance at 1 kHz, 17 while a specific contact resistance of <10 À6 XÁcm 2 is considered to be good for ohmic contacts to electronic devices. 37 The tested contacts exhibited stable ohmic behavior, again indicating good contact quality.
III. DISCUSSION AND CONCLUSIONS
The experimental results demonstrate that the approach suggested for the direct 3D functional assembly of individual nanostructure-based components is feasible and one way to achieve it is the encapsulation of individual nanostructurebased components into special blocks. The following key features for the blocks can be identified: (1) protection of the component during the assembly process; (2) a means for the micro-/nanomanipulator attachment; (3) a means for achieving functional interconnection, e.g., electrical contacts; (4) a means enabling the component to exhibit its functionality after the assembly process. The key features (1) and (4) were demonstrated with the free-standing NWs, while the key features (2) and (3) were demonstrated using test devices made of Au film.
This demonstration of conceptual feasibility of all principal steps for a functional 3D assembly process opens the way for assembling minimally invasive neuronal probes for in vivo applications, as, e.g., outlined in Fig. 1 . Potentially, this approach may also enable assembly of nanostructurebased components into other complex devices. In a further study, we will investigate different approaches of each individual step in order to develop a set of procedures tailored to various specific applications.
The key features (1), (3), and (4) appear to be necessary and sufficient for the assembly process to enable functional system integration. The feature (2) may provide clear benefits for the process, as shown with the test devices and at the same time can be potentially left out in some cases.
In the present study, the assembly process was performed via FIB-SEM. Obviously, due to the high costs associated with this technique, this is not an economically feasible approach. However, the disclosed assembly process can be robotized as well as potentially be carried out using low-cost optical microscopy in a protective atmosphere with, e.g., optical tweezers 38 or micro-and nanomanipulators. 39 And even more resource efficient parallel and unsupervised assembly processes can be also potentially adopted for this. [26] [27] [28] [29] Hence, the assembly process may be further streamlined substantially lowering the associated costs.
The suggested approach offers high added value particularly for applications with tough size constraints, such as complex micro-and nano-electromechanical systems 40, 41 and implantable devices. 12, 17 Smart (bionic) contact lenses-contact lenses with added electronic functionality for, e.g., continuous glucose level monitoring [42] [43] [44] [45] [46] -may also benefit from this fabrication approach, since bionic contact lenses need to preserve their flexibility, softness, transparency, strength against mechanical damage, provide liquid and oxygen penetration, and at the same time integrate heterogeneous elements to form a complete and complex functional system at an overall thickness of below 100-200 lm. We envision that our approach may enable the development of a number of unique devices which may otherwise be unattainable. Application of this assembly process to the fabrication of biomedical devices such as implantable neural interfaces may justify its economic applicability for practical applications. However, applying our approach using more economical tools, e.g., under an optical microscope in air, and demonstrating the functionality of the assembled devices is also crucial for further development. In the long run, it tilt. (b) Top view of the same test device transferred using a micromanipulator to a set of Au electrodes, and a schematic of the electrical circuit used for the measurements. Black arrow: current flow; white arrows: voltage probing; circular area: contact area for which the contact resistance was measured; semitransparent shapes: locations of the Au electrodes below the test device. The scale is the same for both panels.
will be important to identify the key features necessary or sufficient for a more general process of heterogeneous integration. This can be achieved after the process demonstration with different tools using different nanostructure-based components. We expect that the key features presented in this report will be generic for this assembly process.
To summarize, we have suggested and tested a concept and an approach aimed at the direct 3D functional assembly of individual nanostructure-based components into brain implants. We have proved the feasibility of this assembly by transferring specially designed blocks containing freestanding NWs to another substrate. We have also shown that the contact resistance for components assembled in this way is suitable for device applications. We have discussed the key features essential for successful functional assembly. Our approach holds promise that minimally invasive neural probes operating in vivo for extended periods of time (chronic probes) can be fabricated as suggested. Even if one generally would need to further develop the method for economic of scale reasons, in our particular case of neural probes fabrication, a high cost can be easily justified balanced the need for minimal size requirements. Further development of this approach may enable assembly of a wider range of complex devices composed of heterogeneous nanostructures, in this way opening up a new avenue toward the fabrication of systems of nanosystems. 
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